Two Shigella species, Shigella flexneri and Shigella sonnei, cause approximately 90% of bacterial dysentery worldwide. While S. flexneri is the dominant species in low-income countries, S. sonnei causes the majority of infections in middle-and high-income countries. S. flexneri is a prototypic cytosolic bacterium; once intracellular, it rapidly escapes the phagocytic vacuole and causes pyroptosis of macrophages, which is important for pathogenesis and bacterial spread. In contrast, little is known about the invasion, vacuole escape, and induction of pyroptosis during S. sonnei infection of macrophages. We demonstrate here that S. sonnei causes substantially less pyroptosis in human primary monocyte-derived macrophages and THP1 cells. This is due to reduced bacterial uptake and lower relative vacuole escape, which results in fewer cytosolic S. sonnei and hence reduced activation of caspase-1 inflammasomes. Mechanistically, the O-antigen (O-Ag), which in S. sonnei is contained in both the lipopolysaccharide and the capsule, was responsible for reduced uptake and the type 3 secretion system (T3SS) was required for vacuole escape. Our findings suggest that S. sonnei has adapted to an extracellular lifestyle by incorporating multiple layers of O-Ag onto its surface compared to other Shigella species. IMPORTANCE Diarrheal disease remains the second leading cause of death in children under five. Shigella remains a significant cause of diarrheal disease with two species, S. flexneri and S. sonnei, causing the majority of infections. S. flexneri are well known to cause cell death in macrophages, which contributes to the inflammatory nature of Shigella diarrhea. Here, we demonstrate that S. sonnei causes less cell death than S. flexneri due to a reduced number of bacteria present in the cell cytosol. We identify the O-Ag polysaccharide which, uniquely among Shigella spp., is present in two forms on the bacterial cell surface as the bacterial factor responsible. Our data indicate that S. sonnei differs from S. flexneri in key aspects of infection and that more attention should be given to characterization of S. sonnei infection.
RESULTS
S. sonnei induces less macrophage cell death than S. flexneri. Previous research into the interactions of Shigella with macrophages has largely focused on S. flexneri, which robustly induces pyroptosis in macrophages (20) . To investigate whether S. sonnei behaved in a similar manner, we infected primary human CD14 ϩ monocytederived macrophages (hMDMs) and measured the uptake of propidium iodide (PI), as an indicator of membrane damage that precedes pyroptosis. Unexpectedly, S. sonnei induced 50% less PI uptake than S. flexneri (Fig. 1A) .
Similar experiments in phorbol-12-myristate-13-acetate (PMA)-differentiated THP1 cells recapitulated the reduced PI uptake during S. sonnei infection compared to S. flexneri (Fig. 1B) . In addition, a lactate dehydrogenase (LDH) release assay comparing lytic cell death showed S. sonnei induced less cell death than S. flexneri (Fig. 1C ). To ensure the reduced cell death was not a unique feature of the widely used S. sonnei strain 53G, we included a recent clinical isolate, S. sonnei 381, alongside S. sonnei 53G and compared these to two different S. flexneri strains M90T (serotype 5a) and 2457T (serotype 2a). Notably, both S. sonnei strains induced lower PI uptake in macrophages ( Fig. 1B) .
There are fewer cytosolic S. sonnei than S. flexneri. Induction of macrophage cell death by S. flexneri requires the bacteria to be cytosolic, which entails two steps: internalization and vacuole escape. We hypothesized that differences in these processes between S. flexneri and S. sonnei might be responsible for the differences in cell death observed. To investigate why S. sonnei induced less cell death, we treated hMDMs or PMA-treated THP1 cells with 50 M Z-VAD-fmk, a pan-caspase inhibitor, to inhibit cell death ( Fig. S1A in the supplemental material) and performed a gentamicin protection assay to calculate the number of intracellular bacteria ( Fig. 1D and E) . S. sonnei-infected macrophages had reduced numbers of intracellular bacteria compared to S. flexneri.
As the earliest time point that can be measured in the gentamicin protection assay is 1 h 40 min postinfection, it is possible bacteria were already killed by this time point, which would misrepresent the relative efficiency of internalization (because internalized and killed bacteria would not be detected). To address this, we enumerated intracellular bacteria by differential staining at 40 min postinfection, which confirmed that fewer THP1 cells harbored intracellular bacteria when infected with S. sonnei than when infected with S. flexneri (Fig. 1F ).
Internalized S. flexneri rapidly lyse the phagocytic/endosomal vacuole in order to access the cell cytosol and escape lysosomal degradation (26) . To investigate how well S. sonnei escaped into the cytosol, we used chloroquine, an antibiotic that only accumulates in vacuoles at high enough concentrations to kill bacteria, allowing discrimination between cytosolic and vacuolar bacteria (27) . S. sonnei showed a reduction in vacuole escape compared to S. flexneri (Fig. 1G ). Taken together, these data indicated there are less cytosolic S. sonnei compared to S. flexneri at the same multiplicity of infection (MOI), which may result in the reduced macrophage cell death observed with S. sonnei. By increasing the S. sonnei MOI to obtain equivalent numbers of cytosolic bacteria to S. flexneri (Fig. S1B ), S. sonnei and S. flexneri induced similar levels of cell death ( Fig. 1H and J) and cell lysis ( Fig. S1C ). These findings confirm that cytosolic bacteria are required for induction of cell death in S. sonnei and S. flexneri and that S. sonnei does not access the cytosol as efficiently as S. flexneri.
The T3SS is required for vacuole escape but not internalization of S. sonnei. The T3SS of S. flexneri is required for bacteria to lyse the phagocytic vacuole and access the cytosol (28) . Consistent with this, a S. sonnei T3SS mutant (ΔmxiD) had an impaired ability to escape the vacuole ( Fig. 2A ) and reduced cell death measured by PI uptake (Fig. 2B ) and LDH release (Fig. S1D ). The S. sonnei T3SS was required to induce vacuole lysis and hence produce cytosolic bacteria.
It is unclear whether Shigella internalization into macrophages is predominantly T3SS-dependent invasion or phagocytic uptake. T3SS-mediated invasion of epithelial cells by S. flexneri triggers extensive membrane recruitment to engulf the bacteria. To visualize S. flexneri and S. sonnei uptake, we performed scanning electron microscopy (SEM) on infected cells and were able to see membrane recruitment around attached S. flexneri but not S. sonnei (Fig. 2C and D). Since phagocytic uptake and T3SS-mediated invasion both involve membrane rearrangement, these would be difficult to distinguish visually. Instead, we performed gentamicin protection assays with wild-type (WT) and T3SS mutant strains to quantify the number of intracellular bacteria in macrophages. Our experiments showed that in both hMDMs and THP1 cells, internalization into macrophages was T3SS dependent for S. flexneri but not S. sonnei ( Fig. 2E and F ). This suggested that the majority of S. flexneri actively invaded macrophages, in contrast to S. sonnei, which were mainly internalized by phagocytic uptake.
S. sonnei and S. flexneri induce similar pyroptosis pathways in infected macrophages. Given that cytosolic bacteria induce cell death through inflammasome Interaction of Shigella sonnei and Macrophages ® activation, we characterized the inflammasome pathways activated by S. sonnei. Since the S. flexneri inflammasome activators MxiH, MxiI, and IpaH7.8 proteins are 100% identical between S. sonnei 53G and S. flexneri M90T, we hypothesized they would activate the NLRC4 inflammasome. At comparable levels of cytosolic bacteria, similar activation of caspase-1 and proteolytic cleavage of GSDMD and IL-18 were observed (Fig. 3A) . The involvement of the inflammasome pathway was confirmed using ASC mRFP THP1 cells, which revealed that both bacteria induced comparable levels of cells with ASC-containing inflammasome foci during infection ( Fig. 3B and C) . Further, infected GSDMD-silenced THP1 cells (THP GSDMD-miR , validated in Fig. S2A and B ) underwent reduced cell death, suggesting pyroptosis is the dominant type of cell death induced by S. sonnei and S. flexneri (Fig. 3D ).
Cells deficient in caspase-4 showed reduced pyroptosis ( Fig. 3E) , however, loss of caspase-1 almost completely abolished pyroptosis ( Fig. 3F ; all knockout cells are validated in Fig. S2C to E) , indicating the canonical pathway of pyroptosis predominates in S. sonnei-and S. flexneri-infected macrophages. Treatment with the NLRP3 inhibitor, MCC950 (29), did not markedly affect cell death ( Fig. 3G and validated in Fig. S2F ), suggesting that NLRP3 plays a minor role in pyroptosis. ASC-deficient THP1 cells showed a partial reduction in cell death levels compared to WT THP1 cells (Fig. 3H ). Taken together, these results are consistent with NLRC4 activation contributing to pyroptosis during S. sonnei infection of human macrophages, which is similar to previous reports for S. flexneri.
The T6SS and LVP instability do not account for reduced cell death caused by S. sonnei. All Shigella spp. harbor a large virulence plasmid (LVP) that encodes the T3SS, its effectors and additional important virulence factors. The LVP of S. sonnei is less stable than S. flexneri due to the evolution of different toxin-antitoxin systems (30) . We inserted an antibiotic resistance cassette onto the LVP to create a stabilized LVP and used this strain to test whether LVP loss affected the amount of cell death that was induced. The LVP stabilized S. sonnei induced similar cell lysis as WT S. sonnei, indicating that differences in plasmid retention was not responsible for the altered interaction with macrophages ( Fig. 4A) .
Even though the T6SS of S. sonnei has only been described to have antibacterial activity (9) , T6SSs from other bacteria (e.g., Francisella tularensis [31, 32] ) have activity within macrophages. We therefore created a S. sonnei T6SS mutant (ΔtssB) to determine whether there was any contribution by the T6SS to cell death but found no difference in LDH release (Fig. 4A) , indicating that the T6SS was not responsible for the altered interaction with macrophages. Altogether, these results ruled out the loss of LVP or a contribution by the T6SS in the reduced cell death observed for S. sonnei.
S. sonnei O-Ag prevents internalization into macrophages. S. sonnei O-Ag is incorporated into the G4C as well as being attached to the lipid A/core of LPS (Fig. 4B) . The incorporation of the O-Ag into LPS and G4C is genetically separable, which we exploited to investigate their respective roles in the interaction with macrophages. The G4C of S. sonnei reduces bacterial invasion of epithelial cells by impairing T3SS activity (10) and could therefore play a similar role in macrophage internalization. We confirmed that S. sonnei ΔG4C invaded HeLa cells more efficiently (see Fig. S3B ). Uptake and pyroptosis induced by S. sonnei ΔG4C was statistically similar to WT bacteria, although we did observe slightly greater cell death with the ΔG4C mutant ( Fig. 4C and  D) . This was consistent with predominantly phagocytic uptake of S. sonnei by macrophages.
We then deleted the O-Ag synthesis operon (genes wbgT to wbgZ) (33) to create a strain devoid of all O-Ag (both LPS and G4C linked) (Fig. 4B ). This strain (ΔO-Ag) demonstrated increased internalization and cell death compared to S. sonnei Δg4c (Fig. 4C and D) and WT S. sonnei. In contrast, an LPS O-Ag-deficient strain (ΔwaaL), which retains the G4C, showed equivalent internalization as WT S. sonnei (see Fig. S3A ). Therefore, the presence of the S. sonnei O-Ag per se, rather than specifically the O-Ag in the capsule or attached to the lipid A/core, impedes macrophage internalization, and its complete removal enhances bacterial internalization.
We have shown that S. sonnei cell death is T3SS dependent due to the requirement for cytosolic bacteria. The T3SS tip accessibility has previously been shown to be (Fig. 4E ). Both complemented strains impeded internalization of S. sonnei (Fig. 4F ) and, as a consequence, reduced the level of cell death similar to those observed with WT S. sonnei (Fig. 4F) . Interestingly, complementation with pSf5a produced a S. flexneri-like O-Ag ladder that migrated differently on SDS-PAGE than when expressed in S. flexneri. To determine whether this was due to different modal length of O-Ag controlled by WzzB, we introduced the wzzB Sf onto the pSf5a complementation plasmid (pSf5a/wzzB). In this strain the modal length of the O-Ag resembled that of the WT S. flexneri; however, a low level of expression was observed. The levels of internalization and cell death were not reduced to the levels of the WT S. sonnei and instead resembled the levels of the O-Ag mutant.
DISCUSSION
S. flexneri is known to induce pyroptosis in macrophages. This is considered a key step in the pathogenesis of Shigella since it allows bacteria to infect epithelial cells from the preferred basolateral side and leads to bacterial dissemination. In addition, pyroptosis creates an inflammatory response causing the recruitment of neutrophils, which disrupts the epithelial cell barrier and allows more Shigella to traverse the epithelial layer (37) .
Here, we present evidence that S. sonnei does not use the same mechanisms during infection as S. flexneri (summarized in Fig. 5 ). In line with previous reports, we found that S. flexneri induces rapid pyroptosis upon internalization of infected macrophages (20, 22) . However, S. sonnei induced markedly less macrophage cell death, which was Interaction of Shigella sonnei and Macrophages ® the result of a decreased number of cytosolic bacteria through a combination of fewer internalized S. sonnei and impaired vacuole escape. The requirement for cytosolic bacteria in the induction of inflammasomes was consistent for both S. sonnei and S. flexneri. Additional host responses are also likely to be affected by the reduced number of cytosolic bacteria for S. sonnei compared to S. flexneri.
Once S. sonnei and S. flexneri cytosolic numbers were normalized, pyroptosis proceeded via similar pathways and to similar levels. For both species, cell death was predominantly dependent on GSDMD and caspase-1, indicating the canonical inflammasome pathway is induced by Shigella. There may be a minor contribution to cell death for the noncanonical pathway, since immunoblots indicated that caspase-4 was activated by infection by both S. sonnei and S. flexneri and that caspase-4 deficiency or NLRP3 inhibition led to less pyroptosis over time than control cells. However, this difference was minor compared to that observed for ASC or caspase-1-deficient cells. NLRC4 has a caspase-recruitment and activation domain (CARD), which can enable its interaction with and activation of caspase-1 directly, bypassing the need for ASC (38) (39) (40) . This suggests that the NLRC4 inflammasome has a prominent role in the cell death of S. sonnei-infected THP1 cells. These results are in line with those shown previously for S. flexneri, which suggest both the NLRP3 and NLRC4 inflammasomes are involved in S. flexneri-mediated macrophage death (20) .
Interestingly, S. sonnei was able to reduce internalization into macrophages in an O-Ag-dependent manner. The O-Ag contributes to host immune evasion, and its role in evasion of complement mediated killing is well characterized (41) . There are also examples of the O-Ag affecting cellular interactions, including impeding recognition and internalization by epithelial cells (Salmonella Typhimurium [42] ) and macrophages (Burkholderia cenocepacia [43] ). The modal length of the O-Ag from Salmonella Typhimurium or S. flexneri serotype 2a is important for T3SS-mediated invasion into macrophages and epithelial cells, respectively (44) . Similarly, glucosylation of the S. flexneri serotype 5a O-Ag, which reduces the O-Ag length by half, enhances its invasiveness (45) .
Unexpectedly, in our study the internalization of S. sonnei into macrophages was independent of its T3SS. This is in contrast to S. flexneri, which exhibits significant T3SS-mediated invasion into macrophages. This suggests that macrophage internalization is a combination of bacterium-driven invasion and phagocytic uptake for S. flexneri, whereas S. sonnei internalization is almost exclusively due to phagocytic uptake. S. sonnei O-Ag is incorporated into both the G4C and the LPS of S. sonnei. Only when all of the O-Ag layers of S. sonnei are removed can S. sonnei efficiently invade macrophages. The accessibility of IpaB was previously shown to increase upon removal of the G4C, and a further increase was observed for an O-Ag-deficient strain, indeed suggesting that the lipid A/core-linked O-Ag also contributes to shielding of the T3SS (10). The ability of the serotype 5a O-Ag synthesis and modification operon from S. flexneri to prevent the internalization of O-Ag-deficient S. sonnei indicates that the composition of the saccharides is not important for this phenotype. Furthermore, the inability of S. flexneri O-Ag when regulated by wzzB to complement for internalization of cell death suggests the modal length of the O-Ag is important. However, this strain also produced a small amount of O-Ag, and we cannot discount this as the reason for the failure to complement. Our data, and previously published data regarding the accessibility of the T3SS, support the conclusion that the O-Ag acts as a physical barrier to T3SS-mediated invasion rather than being antiphagocytic.
The results presented here, combined with previous investigations, indicate that S. sonnei and S. flexneri use different infection mechanisms. These mechanisms are also different from related Gram-negative enteric pathogens such as Salmonella spp. or enteropathogenic Escherichia coli, which also activate distinct inflammasome pathways in human macrophages (46) (47) (48) (49) . Increasing evidence points to S. sonnei being more adapted to an extracellular lifestyle since, compared to S. flexneri, it invades epithelial cells and macrophages poorly. This may partly explain the dominance of S. sonnei in developed countries, where improved living conditions, including reduced overcrowd-ing and hence the person-to-person spread of pathogens, fails to lower S. sonnei 
